Abstract. In this paper, several material models are analyzed in order to represent and compare the behaviour of laminated glass subjected to blast loads. LS-DYNA and EUROPLEXUS are used for numerical simulation. These codes have different capabilities to describe the mechanical problem, especially the failure behaviour. The results of the simulations are compared to laboratory experimental results in order to validate the accuracy of the material models.
Introduction
When designing a building, one should keep in mind that windows are usually the weakest part of a building envelope and can jeopardize the safety of the building as a whole. When subjected to explosions, windows can also pose a significant hazard to the surrounding environment. The US and European safety standards, GSA [1] and ISO EXV [2] , define blast threats, and the building's owner defines the safety level that a window should withstand. The verification of the required resistant class can be done by experiments or / and numerical simulations.
In this paper, several material models for glass are assessed and compared with well-documented experimental results [4] . The components of the analyzed window configuration include glass, polyvinyl butyral (PVB), rubber lining, and steel frame. Two numerical codes are used: LS-DYNA and EUROPLEXUS. In both cases, the blast load is represented by pressure-time functions.
Experimental data
Kranzer [4] presents experimental data of a 7.5 mm thick laminated glass sheet loaded by different blast loads. The experiments are carried out with Seismoplast PETN, whose explosive energy is 1.4 times that of TNT. The experiments with 0.125 kg, 0.25 kg and 0.5 kg at a distance of 2 m, 3.7 m, and 5.75 m, respectively, are used for the calculations and the comparisons.
The glass sheets have a size of 1.1 m x 0.9 m. The laminated glass is made of two annealed glass plies, each of a thickness of 3 mm (float glass) and an interlayer of PVB of a thickness of 1.52 mm. All sheets are clamped to the rigid frame by 50 mm wide rubber strips with a thickness of 4 mm. The static Young's modulus of the rubber specified is approximately 3.5 MPa. The loaded area of the sheet is 1.0 m x 0.8 m. Table 1 shows the resulting pressures and deflections of the experiments. In the above Table, p max =peak reflected over-pressure, t d =positive phase duration, I =reflected impulse, and X max =peak panel deflection and T max =time of peak deflection.
Material Parameters
Glass. The behaviour of glass is linear elastic with a tensile failure limit (brittle behaviour) according to the standards, e.g. DIN 18008-1.
Polyvinylbutyral (PVB).
Experiments show that the speed of loading and the time of loading action have a big influence on its mechanical behaviour (strain rate sensitive).
Young's modulus of PVB under high strain rates can be measured using standard tensile tests. Such tests have been performed by Morison [8] , Iwasaki [9] , and Bennison [10] (Figure 1 ). All tests show that the behaviour of PVB under small strain rates is visco-elastic. This behaviour changes when loading the PVB at higher strain rates. The material experiments show an elastic behaviour with hardening, and the initial Young's modulus increases dramatically. The strain limit appears to be similar to the static one. The unloading of PVB under high strain rate conditions is not known. Therefore, the material characterization is incomplete, and in this paper an elasto-plastic material, as shown in Figure 1 , is used for the PVB.
LS-DYNA
Material Model. The laminated glass material model implemented in LS-DYNA is used. This model takes into account a combination of two materials, glass and PVB. Although glass has a brittle behaviour, the LS-DYNA material model assumes an elastic-plastic material behaviour with isotropic hardening for both materials. For glass, the main parameters are Young's Modulus (E = 70 GPa), yield stress (70 MPa), Poisson's ratio (v = 0.25), and density (ρ = 2500 kg/m 3 ). Due to the plastic part of the material model, the user has also to define the plastic strain limit (PSL). This is a very sensitive parameter of the material model and highly influences the numerical results. Studies have shown that a value of PSL = 0.001 yields the best results compared to the experiments. In LS-DYNA's glass model, the bond between the glass plies is assumed to be ideal (complete shear transfer) which is a valid approximation for fast loadings only. 
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The pressure-time function has a classical exponential shape without the negative phase as presented in [4] . To optimize the model, only one quarter of the rectangular window is modelled due to symmetric conditions. Based on a preliminary convergence study a 5 mm mesh is chosen, evenly distributed across the numerical model. Linear quadrilateral shell elements are used using reduced integration.
A frame and a rubber lining are added to the existing laminated glass as seen in Figure 2 Results. The following figures display the mid deflection for the different blast loads ( Table 1) . As can be seen in Figure 3 and in Figure 4 , the larger blast loads in Figure 3 better fit the experimental results than the smaller blast load in Figure 4 . In principle the behaviour of glass remains elastic. The laminated glass model in LS-DYNA requires a plastic strain limit (PSL) even though a plastic part is not evident from the physical point of view. Figure 4 also shows that the influence of this parameter is quite strong. 
EUROPLEXUS
One of the experiments presented before is also calculated with EUROPLEXUS [3] , which is an explicit finite element code for non-linear dynamic analysis. The program is developed in collaboration between the French Atomic Energy Commission (CEA) and the Joint Research Centre in Ispra (JRC Ispra). The main focus of EUROPLEXUS is the fluid-structure interaction in fast dynamics. The simulation of the pressure wave is done with an exponential load-time function according to Kingery [11] applied on the structure. More information about methods to load structures by air blast waves is given by Larcher [5] .
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Simulation models. Several simulation models can be adopted for the calculation of the response of laminated glass under air blast loads. Layered elements with special failure criteria can be used very efficiently. As soon as the failure of the glass occurs, the stresses in a fixed direction are set to zero if the strains in this direction are greater than zero (tension). The material can still react to compressive stress in this direction. If the stresses in the direction normal to the direction of the fixed crack also reach the failure limit, only compression stresses can be transmitted. If the interlayer reaches the failure criterion of PVB, the element is deleted. A similar model is implemented in LS-DYNA and is used by Wagner [6] to calculate blast loaded windows resulting in a good correlation between numerical and experimental results. Here, a triangular linear shell element (Discrete Kirchhoff triangular (DKT), Mindlin) with 5 integration points through the thickness is used.
The simulation of the post-failure behaviour under bending can also be performed with a smeared model, as shown by Timmel [7] . Two coincident shells are used where one shell corresponds to one glass ply while the other shell represents the other glass ply and the PVB layer. Thickness, density and Young's modulus of these two shell elements are calculated in such a way that both shell elements represent the behaviour of the sheet before the failure. The behaviour of the sheet after the failure of one of the glass plies is represented by one of the shell elements (Mindlin). Therefore, the stiffness of the shell element, which fails after the breakage of one of the glass plies, is smaller than the stiffness of the other shell element. The implementation of this simulation model is straightforward.
The simulation with a 3D solid model requires very fine meshes resulting in a long calculation time. The same material laws as for the layered elements can be used as for the layered shell elements. Figure 4 shows that the smeared as well as the layered model fit very well with the experimental values. A study by Larcher [12] shows that for the layered shell model the element size of 12.5 mm demonstrates a good convergence. The resulting crack pattern can be described very well with layered as well as with solid elements, as seen in Figure 5 . The comparison with the experimental cracks shows a good agreement. The circumferential cracks as well as the radial crack are well represented by the numerical results. The part in the centre of the sheet remains undamaged in the experiment (see Kranzer [4] ), which is not retrieved by the calculation. 
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Summary
This paper presents a comparison between experiments and numerical simulations for air blast loaded laminated glass using different material models and different model configurations (layered shell model, smeared model, 3D solid model) in LS-DYNA and EUROPLEXUS. Overall the codes can reproduce efficiently the structural response. The investigations presented exclude the cases where the interlayer fails. This will be presented in a further paper.
